Abstract. We analyze the Alfv6n wave signature left behind in the ionosphere by orbiting insulated tethers operating as thrusters or generators with steady currents. Using a recent description of tether radiation to determine the far field, we show that, at their leading edges, the Alfv6n wings have an Airy function crosswise structure. The field amplitude falls off weakly as the inverse cube root of the distance along the wave front. The front itself, which carries a negligible fraction of the power radiated as Alfven waves, broadens proportionally to the cube root of that distance. We show that collisional decay becomes important at about 103 km along the front. For tethers longer than about 2 km, the top and bottom structures ("wings") are fully disjoint.
Introduction
In addition to their potential uses in space applications, currentcarrying tethers in Earth orbit provide unique active experiments in ionospheric wave excitation. A review paper by Dobrowolny and Melchioni [1993] examines this and other aspects of tethered system electrodynamics and may be referred to for a thorough list of references to previous theoretical and experimental work. In the standard picture of a tethered satellite system that has a steady electrical current flowing through it by means of continual charge exchange with the ambient plasma, "circuit closure" is accomplished by charge-carrying electromagnetic waves excited in the ionosphere by the passage of the system. The dual constraints of steady state operation (Dtppler condition) and satisfaction of the plasma wave dispersion relation are quite stringent and, as demonstrated by Barnett and Olbert [1986] , greatly restrict the types and frequency ranges of waves available for circuit closure. We note in particular that whistler waves, which have been observed in plasma chamber experiments meant to model the operation of a tethered system [Stenzel and Urrutia, 1990] , do not satisfy the criteria for propagating waves from a constant-current tether orbiting the Earth [Sanmartoen and Martinez-Sanchez, 1995].
Among the propagating waves that can be excited by a constantcurrent tether are those lying on the Alfvtn branch with frequencies below the ion cyclotron frequency. Alfvtn wave packets associated with the motion of a large conductor moving through a magnetoplasma and which serve to carry current in the ionospheric transmission line, completing the electrical circuit that includes the moving conductor, were first described theoretically by Drell et al. [ 1965] . Since then a number of authors [Estes, 1988 during the Plasma Motor Generator (PMG) experiment and the Tethered Satellite System 1 Reflight (TSS-1R) experiment in which a 20-km-long tether was deployed from the U.S. Space Shuttle in February 1996, attaining currents of over 1 A. Unfortunately, there were no properly equipped and positioned satellites available to measure waves from TSS-1R in the ionosphere. However, tether systems have been proposed to supply magnetic reboost and power generation to the International Space Station, and such systems might be of similar use in the outer planets. It is thus desirable to have a good theoretical representation of the plasma waves associated with tether currents hundreds of kilometers from the system to guide the planning of data collection and analysis, which could, in turn, help validate the theory.
The present work is a step in that direction. We obtain far-field values of the Alfvtn wing field components and the general shape of these wing structures. Rasmussen et al. [ 1990] have derived asymptotic approximations to that part of the wings well behind the front, and we compare our corresponding results to theirs below. McKenzie eta/.
[ 1993] used a nondispersive MHD model to study the far field and thus missed the complex structure described here. We also discuss collisional effects and the possible overlap of the top and bottom wings.
Far-Field Formulation
We consider a standard tethered-satellite system, orbiting in a magnetized plasma and consisting of an insulated, conducting tether with terminating contactors, where we use the term generically to include metallic surfaces in electrical contact with the tether and exposed to the ambient plasma as well as plasma devices such as hollow cathodes which define the regions of charge exchange between the tethered system and the ionosphere. In our calculations we first use collisionless, cold-plasma theory and assume an infinite, uniform ionosphere and a constant background magnetic field. Motion of the system is taken to be linear with a constant speed. The geomagnetic field is perpendicular to the system's velocity vector, but it is allowed to tilt at an arbitrary angle with respect to the horizontal. (See Figurel.) The tether is vertical.
Results apply equally to a system operating in the thruster or generator mode. We are not studying transient effects that may occur when the tether is first "turned on," for example, when current flow is activated by closing a switch; rather, we assume that a steady state has been reached in which a constant current is flowing in the tether with charge exchange taking place between the system and the ionosphere through the terminating contactors. This implies that the plasma has adjusted to the presence of the tethered system so that currents and fields measured in the system or the plasma are constant in time at any point fixed in the rest frame of the tether.
Thus, in the tether rest frame an observer sees a steady "structure" of fields and currents extending indefinitely into the plasma.
The situation is rather like an idealized version of the bow wave of a boat, which appears unvarying when viewed from the boat. From the standpoint of the plasma, things seem far more dynamic. As the tether approaches, plasma upstream from the system begins to feel the effects of the tethered system's perturbation in the form of the fields and currents induced in the plasma closer to the system. At a given point in the plasma rest frame the fields and currents will vary (markedly for a point near the track of one of the terminating contactors) as the system passes by.
Plasma wave phenomena are conveniently analyzed by considering the plasma to be a dielectric medium. The plasma current is incorporated into the displacement current terms of Maxwell's equations. Wave equations can then be derived in the usual way; and since the plasma response to the electromagnetic field is contained in the plasma current, we thus obtain a self-consistent set of equations governing the interaction of plasma and wave fields. The dielectric tensor contains a complete description of the types of waves that can propagate in a cold plasma [Cross, 1988] . The references previously listed show how the tether current source term is included to obtain waves excited by a tethered system.
As we portionally to the cube root of the distance along the front, which follows from the scaling of the Airy function argument defined in (11).
Rear Wing Structure
We now turn our attention to the far field well behind the wings. Although, strictly speaking, there is no well-defined back edge to the wings, Rasmussen et al. [1990] pointed out that far behind the leading edge of a wing, along a given ray (defined by constant Z/x) and far enough away from the contactor, only wave components close to a single well-defined frequency are found to radiate. We now obtain an asymptotic approximation appropriate to this region by applying the method of stationary phase to the integrals in expresssions (7) which is more stringent than necessary, according to (17).
We have obtained approximate far-field solutions for two different domains. Interestingly, and serving to confirm the results, in cases of small tc, for which (17) is still satisfied, one can apply the stationary-phase method to (12) and (13) for the front, which is made up of all frequencies in the range -< o0r') and use asymptotic approximations for Airy functions to obtain expressions (18) and (19).
We also note that the far front carries a negligible fraction of the Alfvtn power radiated by the tether because, as already mentioned, the electric and magnetic wave components decrease as the inverse of the front thickness, and thus the Poynting-vector flux across the far front is negligible. On the other hand, one can use expressions (18) 
Conclusions
We have derived integral expressions for the fields associated with the Alfvtn wave packets excited by a constant-current tethered system operating in a uniform, infinite magnetoplasma with plasma parameters like those in the the F layer of the Earth's ionosphere and with the geomagnetic field perpendicular to the direction of tether motion but making an arbitrary angle with respect to the horizontal plane. Taking these integrals as a starting point, we have then obtained approximate solutions for the fields far from the tethered system in two different domains.
In the Alfvtn wing front we have identified the general structure of the fields to be that of Airy functions. That is, the variation in the Alfvtn wave fields along the direction of motion of the system, far from the system and in the fronts, is given by the Airy integrals Gi (for the electric field component parallel to the tether's velocity vector) and Ai (for the electric field component perpendicular to the velocity and geomagnetic field vectors). The asymptotic result also shows the Airy function amplitudes to fall off as the inverse cube root of the distance along the front and the front thickness to increase as the inverse of the amplitudes. The power carded away in the front was found to be negligible. For the far field well behind the fronts we have confirmed a previous result that in the plane of the wings, along a given ray from the contactor, the amplitude falls off as the inverse square root of the distance from the contactor, and we have obtained analytical expressions for how the field varies. We have also clarified a statement by Rasmussen et al. [ 1990] about the boundary of the far field.
Collisional decay was found to become significant at a distance of about 103 km from the system along the front. It was also found that the Alfvtn wing structures for the top and bottom contactors were fully disjoint for tether lengths above 2 km, (the case for th• 20-km, TSS-1R tether but not for the 500-m, PMG one). Thermal effects proved to be negligible. These results could be checked through in situ measurements by properly equipped satellites. They also represent a step toward obtaining the Alfvtn fields at the boundary with the atmosphere, a prerequisite for calculations of the field on the Earth's surface, which must take into account the wave reflected at the boundary The assumption of a uniform ionosphere is among the least realistic features of our model. Future work will take into account vertical variations in plasma density, collision frequencies, etc. Since the outlook for detection on the ground of the constant-current waves is not good because of the total reflection of such waves at the atmospheric boundary [Estes, 1989] , tether currents should be pulsated at times during ground observation experiments. Future work will consider this case and the fast magnetosonic waves, which are evanescent for constant current.
